Introduction And Background
The abscopal effect of radiation therapy can be defined as tumor regression caused by irradiation of a distant site. Although observations consistent with the abscopal effect are rare, there are several reasons for the growing interest in this phenomenon. Prominent among these is the increasing use of immunotherapy in conjunction with radiation therapy. The mechanisms of the abscopal effect, while not completely understood, are thought to be mediated by immunogenic elements [1] [2] [3] . Thus, an improved understanding of the abscopal effect and its immunologic correlates has implications for the synergistic use of radiation therapy and immunotherapy.
In particular, there is increasing evidence for combined radiation therapy and immunotherapy in the treatment of brain metastases, including in patients with metastatic melanoma [4] [5] . A small number of studies have described extracranial tumor response following radiation therapy for brain metastases, predominantly in patients who also received systemic immunotherapy [4, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . However, despite the special relationship between the central nervous system and the immune system resulting from the blood-brain barrier, there has not been a substantial discussion about the mechanisms that would allow the immunologic correlates of the abscopal effect to traverse this boundary.
Thus, the purposes of this review were to (1) assess the current clinical evidence for extracranial abscopal responses originating from radiotherapeutic treatment of brain metastases; (2) summarize, based on the preclinical literature, the relationships between the immunologic mechanisms of the abscopal effect, the blood-brain barrier, and brain irradiation; and (3) reassess the significance of the clinical evidence with a basic mechanistic framework in mind.
Review Clinical cases of extracranial abscopal responses after irradiation of brain metastases
A PubMed search was performed with an end date of December 2018, using the terms "abscopal", "brain", and "radiation". This search yielded 25 results, which were assessed for further review. In addition, a Google Scholar search was performed, using the same terms and end date but limited to studies published during or after 2013. This second search yielded 2170 results, of which the 200 most relevant results were assessed for further review. Clinical case series and individual case reports were included for further review if the authors described an extracranial abscopal response in at least one patient who received radiation therapy for one or more brain metastases. Clinical studies were excluded if no patients had brain metastases treated with radiation therapy and subsequent evidence of an extracranial abscopal response. Preclinical studies and literature reviews identified by this search were also excluded from comparative review.
Thirteen studies published between 2013 and 2018 describing 53 cases consistent with an extracranial abscopal response following radiation therapy for brain metastases were reviewed ( Table 1) . The majority of studies evaluated possible abscopal responses in terms of radiographic regression of extracranial tumor burden. Two of the larger case series further calculated a "delta-delta", defined as the difference in rate of radiographic change in tumor size before and during radiation therapy [6, 12] . Tumors that regressed at faster rates during radiation therapy compared to prior were considered as more likely to be experiencing an abscopal response. One case report recognized a possible abscopal response by an increase in tumor-specific antibodies [13] The cases presented in these studies were highly homogeneous in terms of the disease and treatment modalities. Forty-eight of 53 patients were diagnosed with metastatic melanoma and received a combination of radiation therapy and ipilimumab. Three patients with melanoma, non-small cell lung cancer, and likely colorectal adenocarcinoma metastatic to the brain experienced an abscopal response with radiation therapy alone, without any systemic therapy [7] [8] 10] . In addition, abscopal responses were observed in one patient with melanoma treated with vemurafenib and one patient with non-small cell lung cancer treated with cytotoxic chemotherapy [14, 17] .
However, there was no clear consensus among the larger case series on whether the timing of immunotherapy with respect to radiation therapy influences the abscopal effect. Schoenfeld et al. found that patients with brain metastases who received immunotherapy within three months before or after radiation therapy were more likely to experience an extracranial tumor response (63% versus 7%, p = 0.003) [12] . By contrast, Chandra et al. and Grimaldi et al. did not find significant relationships between distant tumor response and timing of immunotherapy with respect to radiation therapy [6, 9] . However, their cohorts were more heterogeneous than that of Schoenfeld et al., as they also included patients who received radiation therapy for extracranial metastases. In addition, the authors do not clearly explain how they defined the timing of immunotherapy as a variable for analysis, which could also potentially explain their differences in results compared to Schoenfeld et al.
Similarly, it is not clear whether fractionation affects the likelihood of an abscopal response. Chandra et al. described greater rates of distant tumor response among patients treated with fractions less than or equal to 3 Gy compared to greater than 3 Gy, when assessing their combined cohort of patients who received radiation therapy for intracranial or extracranial metastases [6] . Despite this isolated finding, both stereotactic radiosurgery and whole brain irradiation have preceded abscopal responses, suggesting that the mechanism is not necessarily limited by fractionation schedule [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] .
Immunologic mechanisms of the abscopal effect
A large body of literature spanning two decades suggests that the abscopal response to radiation therapy is immunologic. In 1999, Chakravarty et al. demonstrated using a mouse model of Lewis lung carcinoma that radiation therapy and Flt-3 ligand, which stimulates the proliferation of dendritic cells, are synergistic in achieving systemic tumor control [18] . By contrast, Flt-3 ligand alone was ineffective, and the combination of radiation therapy and Flt-3 ligand was ineffective in T cell-deficient mice. In 2004, Demaria et al. presented similar findings in a mouse model of mammary carcinoma [1] . The work of Lugade et al. and Lee et al. provided further evidence that the relationship between radiation and increased antitumor immune response is mediated by greater levels of antigen presentation, followed by activation of T cells in tumor-draining lymph nodes and infiltration of the tumor by lymphocytes that recognize tumor-specific antigens [2] [3] .
In recent years, the synergy between radiation and immunotherapy has been observed clinically, as evidenced by the importance of delivering the two therapies concurrently or within a limited window of time [5, 19] . Simultaneously, the preclinical theory of the immunologic effects of radiation has expanded rapidly. Bernstein et al. published a useful framework that categorizes the interactions between radiation and the immune system [20] . These categories include the release of tumor-associated antigens, induction of "danger" signals that allow the tumor antigens to be appropriately recognized, modulation of the tumor phenotype, and physical restructuring of the stroma and aberrant tumor vasculature, which allows immune cells to more easily access to the tumor [21] [22] [23] [24] .
Although some beneficial interactions between radiation therapy and the antitumor immune response are localized to the irradiated tumor itself, such as rearrangement of antigens from the interior of the tumor to the surface [20] , there are numerous elements capable of acting at a distance, such as tumor-associated antigens, cytokines, and immune cells. These elements, individually or in combination, may be capable of mediating the abscopal effect ( Figure 1) .
Interaction between the blood-brain barrier and the abscopal effect
The central nervous system and the immune system share a unique relationship via the bloodbrain barrier. In summary, this barrier consists of tight junctions that prevent all but the smallest lipophilic molecules (<400 Da and <8 hydrogen bonds) from diffusing freely, as well as a variety of differentially expressed carriers and receptor-mediated systems that closely control the transport of larger molecules [25] [26] . The blood-brain barrier itself also secretes molecules that affect immunologic signaling, including cytokines, prostaglandins, and nitric oxide [27] . Immune cells may traverse the blood-brain barrier via diapedesis, but this occurs at low rates under physiological conditions [28] . Investigation of a mouse model suggests that a cellmediated immune response to foreign antigens in the brain cannot be mounted unless the blood-brain barrier is disrupted [29] .
At physiologic conditions, these components of the blood-brain barrier impede many of the possible immunologic mechanisms of the abscopal effect discussed previously. The low rate at which immune cells cross the blood-brain barrier is likely insufficient to produce tumor response to the extent observed in clinical cases. Oligopeptide antigens of suitable size to be presented to T cells are among the smaller elements that can mediate an abscopal response but nevertheless cannot diffuse freely across the blood-brain barrier due to the limitations on size and solubility [25] . As the transport of larger molecules is closely regulated, it is unlikely that tumor-associated antigens are able to cross in significant amounts via carrier-or receptormediated transport. This is analogous to the challenges of delivering therapeutic proteins across the blood-brain barrier [25] .
Traversal of the blood-brain barrier by elements needed to produce an abscopal response may be substantially more feasible when the integrity of the blood-brain barrier is disrupted. Potential causes of disruption are diverse but may be broadly categorized as oxidative stress, as in ischemic stroke, imbalance among metabolites and signaling molecules, and inflammation [30] [31] [32] [33] [34] . In animal models and human cell lines, tumor necrosis factor α has been shown to increase permeability, possibly due to the reorganization of actin filaments [33] [34] . Subsequently, failure of the blood-brain barrier may occur on both molecular and cellular levels, allowing permeability to larger and more hydrophilic molecules, such as tumorassociated antigens [30] .
While it is plausible that the blood-brain barrier poses an obstacle to the abscopal effect and that its disruption increases the likelihood that the abscopal effect passes from the brain to the body, it is prudent to consider alternative pathways that run parallel to the vasculature. One such pathway is the "glymphatic" system, consisting of the interstitial fluid of the brain parenchyma, the cerebrospinal fluid, and the paravascular spaces around draining veins [35] . There is evidence that these components clear metabolic wastes, including glucose, lactate, and amyloid β [36] . Although rates of transport through this system are not well understood, its ability to clear amyloid suggests, at least, that tumor-associated oligopeptides are of a sufficiently small size to pass.
Effect of radiation on the blood-brain barrier
While the blood-brain barrier likely obstructs the abscopal effect from passing between intracranial and extracranial compartments, radiation therapy may play a role in disrupting this barrier. Multiple animal studies have described an increase in uptake of labeled markers following brain irradiation [37] . Potential mechanisms for this increased uptake include disruption of the vasculature leading to apoptotic cell death, the opening of tight junctions evidenced by actin stress fibers, and increased activation of vesicular transport pathways [38] [39] [40] [41] . Furthermore, brain irradiation results in increased expression of a wide variety of acute phase reactants [42] [43] . These include tumor necrosis factor α, which is understood to disrupt the blood-brain barrier [33] [34] .
Clinical evidence of radiation therapy disrupting the blood-brain barrier has been suggested by the detection of increased intracranial concentrations of radiolabeled markers and chemotherapy agents after irradiation. For example, Qin et al. observed a linear dose response when measuring uptake of a technetium marker during radiation therapy, as well as spatial differences in uptake between regions that received higher or lower doses [44] . The authors also described increased levels of methotrexate in the cerebrospinal fluid after at least 10 fractions of 2 Gy [45] .
These observations present a possible explanation for why an abscopal effect traversing intracranial and extracranial compartments can be observed after radiation therapy. It is plausible that radiation not only increases the release of tumor-associated antigens but also facilitates their release into the extracranial vasculature ( Figure 1 ).
FIGURE 1: Schematic depicting an intracranial-to-extracranial abscopal response resulting from potential interactions
between radiation, the blood-brain barrier, and antitumor immunity
Implications for interpretation of the clinical evidence
In summary, preclinical evidence suggests that the abscopal effect is mediated by immunologic elements that may include immune cells, cytokines, and tumor-associated antigens. Though not the sole pathway out of the brain, the blood-brain barrier likely presents a significant obstacle against the transport of these immunologic elements to the extracranial vasculature, and may consequently impede abscopal effects originating from intracranial tumors. However, there are known mechanisms by which radiation can disrupt the blood-brain barrier and thereby facilitate the transmission of the abscopal effect to the body (Figure 1 ). Understanding this, we are better equipped to evaluate the clinical evidence.
The fact that most patients who experienced an abscopal response after radiation for brain metastases also received systemic immunotherapy is consistent with the understanding that the abscopal effect is mediated by enhancement of the antitumor immune response. The prevalence of metastatic melanoma among the reported cases likely results from the early adoption of immunotherapy for this condition. For similar reasons, the observation of Schoenfeld et al. that the greater proximity of immunotherapy and radiation therapy in time correlates with greater rates of distant tumor response is also reasonable [12] . However, the uncertainty among other case series regarding the timing of modalities is not well-explained by preclinical theory, though it may be explained statistically by small and heterogeneous patient cohorts.
The observation that abscopal responses occur after both stereotactic radiosurgery and whole brain radiation therapy may also be explained mechanistically. Two possible mechanisms by which radiation induces the abscopal effect include the release of tumor-associated antigens and disruption of the blood-brain barrier. In cases of stereotactic radiosurgery, necrotic cell death in response to ablative doses results in the release of large amounts of tumor-associated antigens, which could pass through a disrupted blood-brain barrier to induce an abscopal effect at a distance. However, abscopal responses were also observed in cases of whole brain irradiation, which do not involve ablative doses. In these cases, it is plausible that disruption of the blood-brain barrier is the main mechanism by which radiation causes an abscopal effect, not rapid lysis of tumor cells. It may be that increasing the permeability of the blood-brain barrier could allow naturally occurring tumor antigens, potentially resulting from rapid tumor growth, to be released into the extracranial vasculature. Alternatively, a weakened blood-brain barrier could allow better access to the brain tumor by therapeutic agents or circulating immune cells, which could, in turn, lead to greater immune activation and distant tumor response. In these examples, an increased rate of tumor cell death directly due to radiation would not be necessary in explaining the abscopal effect.
Ishiyama et al. present an interesting case that supports the importance of the blood-brain barrier in understanding the abscopal effect [46] . The authors describe a patient with renal cell carcinoma who experienced spontaneous regression of lung metastases after stereotactic irradiation of bony lesions. Simultaneously, the patient's brain metastases progressed, despite the regression of his somatic tumor burden. The implication is that the regression of the lung metastases represented an immunologically mediated abscopal effect that was prevented from reaching the brain. This is consistent with the case reports described in this review. While irradiation of the brain may allow the abscopal effect to reach the body, an undisrupted bloodbrain barrier is expected to prevent the opposite process.
While most patients who experienced an abscopal response were treated with immunotherapy, there were a small number of individual cases in which abscopal responses were observed following radiation alone [7] [8] 10] . This is consistent with the prevailing theories of cancer immunosurveillance as an inherent function of the immune system [47] . Although checkpoint blockade is expected to increase the likelihood of observing an abscopal effect, it is not surprising to see a minority of cases that may reflect an already ongoing immune response.
Limitations of the current clinical evidence and future directions
In evaluating the abscopal effect, it is challenging to distinguish true distant responses to radiation from responses to systemic therapy. If the patient does not receive systemic immunotherapy agents, it may be possible to assess the immunologic changes that mediate to the abscopal effect, for example, by measuring titers of tumor-specific antibodies [13] . However, in cases of radiation therapy combined with systemic immunotherapy, accurate identification of the abscopal effect becomes even more difficult. If the abscopal effect of radiation is understood to be a result of enhancing the antitumor immune response, then one must effectively distinguish between the outcomes of two different immunologic therapies.
Two case series measured the abscopal effect using the difference in the rate of radiographic regression before and during radiation therapy, which they termed the "delta-delta" [6] [7] [8] [9] [10] [11] [12] . Although this methodology is appreciated as more quantitative than anecdotal reporting, it suffers from key weaknesses. First, the "delta-delta" method assumes approximately linear changes in tumor size over time, which may not reflect reality to an acceptable degree. Consequently, this method is limited by the length of time between imaging studies. Second, this method is potentially confounded by any other characteristic of the patient, treatment, or disease that may change over time and also affect the size of the tumor. For example, many of the case reports evaluated did not provide a detailed description of the timing of systemic immunotherapy in relation to radiation. Changes in systemic immunotherapy within the same time frame used to evaluate the "delta-delta" may severely confound the findings.
Ideally, abscopal responses will be evaluated in prospective studies with comparison groups. However, we recognize that such studies are difficult to conduct, particularly for rare outcomes. Assuming that it is necessary to assess the abscopal effect retrospectively, future studies would benefit from larger cohorts and greater quantitative rigor in controlling for potential confounding factors. As a hypothetical example, consider a retrospective study that characterizes in extensive detail the timing and extent of radiographic tumor response at all distant extracranial sites of metastasis, following irradiation of brain metastases in patients who either did or did not receive systemic immunotherapy. Such a study would ideally include a large consecutive cohort of patients treated at multiple institutions in order to control for confounding factors. To distinguish between the effects of systemic immunotherapy and radiation, it would be crucial to stratify by the timing of immunotherapy in relation to radiation therapy. In addition, the radiographic response should be measured in multiple ways, including the rate of volumetric regression over time, "delta-delta", complete versus incomplete response, and duration of response.
Conclusions
The current literature describes more than 50 clinical cases of extracranial tumor regression following radiation therapy for one or more intracranial metastases, suggesting an abscopal effect that crosses the blood-brain barrier. The majority of patients had metastatic melanoma and were treated with systemic immunotherapy in addition to radiation. Although it is not definite that these observations truly represent the abscopal effect of radiation, the temporal association between radiation therapy and tumor response is suggestive, and the preclinical literature plausibly suggests that radiation could play essential roles. These roles include the release of tumor-associated antigens from dying tumor cells and disruption of the bloodbrain barrier to allow communication between the intracranial and extracranial compartments.
Future studies assessing abscopal responses should seek to more rigorously control for factors that could affect distant tumor response, such as the timing of systemic immunotherapy. 
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